Spin-flip hot spots, i.e., special k-points on the Fermi surface showing a high spin-mixing parameter, are found on the surface Brillouin zone boundary of ultrathin films of monovalent (noble and alkali) metals, in contrast to the long-known fact that they do not occur in the bulk of these metals. Density-functional calculations within the Korringa-Kohn-Rostoker Green function method in Cu, Ag, and Au 10-layer (001)-films show that the hot spots can have a substantial contribution, e.g. 49% in Au(001), to the integrated spin-mixing parameter, that could lead to a significant enhancement of the spin-relaxation rate or spin-Hall angle. Owing to the appearance of spin-flip hot spots, a gigantic anisotropy of the Elliott-Yafet parameter [52% for Au(001)] is also found in these systems. The findings are important for spintronics applications in which the dimensionality of spin probes is reduced.
The term of spin-flip hot spots was coined by Fabian and Das Sarma 1,2 when, based on the Elliott-Yafet mechanism, 3,4 they predicted a high spin-flip probability for electrons at certain special points on the Fermi surface of bulk Aluminum. The hot spots are formed in the vicinity of band degeneracies or near-degeneracies, frequently occuring at the Brillouin zone boundaries, highsymmetry lines or accidental degeneracy points. On the other hand, hot spots should be absent in monovalent metals, 1,2 because their Fermi surface is nearly spherical and in most cases does not cross the Brillouin zone edge.
These conclusions were derived for the bulk. 1, 5, 6 However, in the case of ultrathin films spin-flip hot spots may occur even in monovalent metals owing to the different shape of the surface Brillouin zone compared to the bulk. This is the main conclusion of the present paper, which we base on simple theoretical arguments and demonstrate by ab initio calculations in Cu, Ag, and Au ultrathin films in the (001) crystalline orientation. We also investigate the contribution of the hot spots to the Elliott-Yafet parameter 3,4 b 2 (defined below) as well as to its anisotropy. Our findings should be accounted for in spintronics applications where the hot spots play a role, such as giant magnetoresistance, spin Hall effect and spin dynamics or even quantum computation.
7-10
We proceed with a short summary of the theoretical background. 1, 3, 4 In non-magnetic systems with spaceinversion symmetry and in the presence of the spin-orbit coupling the Bloch states at any k-point are at least twofold degenerate and comprise a superposition of spinup and spin-down states that is frequently called spin mixing:
Here, the spinors |↑ and |↓ are eigenvectors of the z-component Pauli matrix σ z (given a chosen z-axis) and a k (r) and b k (r) are the lattice-periodic parts of the Bloch states corresponding to the large and small spincomponent, respectively. The spin-expectation value of these partner states is S(k) = Ψ
with σ the vector of Pauli matrices. The index "+" refers to the state with maximal z-component of the spin-expectation value S z (k) = (
, where we defined the space-integrated spin-mixing parameter b
. Maximizing the value of S z (k) is done with respect to all possible linear combinations of the two degenerate states at k, and it is obvious that one can choose a different pair of states in Eq. (1) by maximizing the projection of S(k) along any spinquantiation axisŝ prescribed by the experimental conditions (e.g. by an external magnetic field or by the polarization direction of an injected spin current). 11, 12 We will return to this freedom of choice below when defining the anisotropy. The relation between the large and small components of Ψ − k and Ψ + −k implied in Eq. (1) follows from time-reversal and space-inversion symmetry. 3, 4 It is also convenient to define the Elliott-Yafet parameter as the Fermi-surface average:
where dS k is the Fermi-surface element, v k is the Fermi velocity, n(E F ) is the density of states at the Fermi level E F and V BZ is the Brillouin zone volume. As the value of b 2 depends on the choice ofŝ along which S(k) is maximized, we define the anisotropy of the Elliott-Yafet parameter as
The spin-mixing parameter b exhibits a strong contribution to the conductivity tensor due to the high value of the Berry curvature associated with it. 8, 13 The k-points where b 2 k becomes large are the spin-flip hot spots that we are examining in the present work. The fact that these occur at degeneracy or neardegeneracy points, in particular at the back-folding of the energy bands at the Brillouin zone edge, follows from a consideration of the transitions from a band at energy E k to a band at E k + ∆ k for small inter-band separation ∆ k under the action of the spin-orbit Hamiltonian.
1,2,5
From these arguments it also follows that monovalent metals should not show spin-flip hot spots, since their almost spherical Fermi surface either does not cross the Brillouin zone boundary (as in all alkali metals except Cs) or, if it crosses the boundary (as in the noble metals, forming a neck around the L-point), then it does so in a way that there occur no hot spots.
5
However, the situation of monovalent metals changes when one considers ultrathin films. In this case the twodimensional periodicity implies a surface Brillouin zone, while the Fermi surface consists of rings occuring when the spherical Fermi surface of the bulk system is cut parallel to the surface plane at positions determined by the film-induced quantization in the perpendicular direction. This well-known effect is schematically demonstrated in Fig. 1a . Considering a (001) film, where the surface Brillouin zone is a square, the larger of Fermi rings exit the first Brillouin zone and a back-folding occurs (see the dashed lines and their back-folded counterparts in Fig. 1b) . This, under action of the periodic potential, can form a weak degeneracy lifting at the Brillouin zone edge, with the resulting states being energetically very close. But this is precisely the case when spin-flip hot spots occur under the action of the spin-orbit coupling between the near-degenerate states.
To what extent this actually happens in a realistic case depends on the exact shape of the Fermi surface, the number of film layers, the surface orientation, and of course the material. Here we present ab initio results on Cu, Ag and Au (001) films of 10 layers thickness where we find an effect of considerable magnitude, while in alkali (001) thin films the magnitude of the effect depends very sensitively on the film thickness due to the weak spin-orbit coupling. The electronic structure is calculated within the local density approximation to density-functional theory.
14 For our calculations we employ the full-potential Korringa-Kohn-Rostoker Green function method using the experimental lattice parameter and ignoring surface relaxation; we use an angular momentum cutoff of l max = 3. Details on the formalism and implementation can be found in Refs. 15-17. Starting our analysis with the bulk properties, the 2 , depend on the direction of the spin-quantization axisŝ, because the matrix elements of the spin-flip part of the spin-orbit operator between Bloch states change with respect to thê s. This anisotropy effect, its microscopic origin and its relation to hot spots was analyzed in Ref. 11 for bulk materials, but it is certainly present also for films [see Ref. 19 for an analysis in W(001)]. Practically in the case of films the effect is that, if the spin-quantization axisŝ is chosen in-plane ([100]-direction), the value of b 2 is different compared to the case when the procedure is carried out with the spin-quantization axis chosen perpendicular to the film along [001] . Physical consequences of the anisotropy are, e.g., a variation of the spin-relaxation time or of the spin-Hall conductivity with respect to the direction of polarization of the spin current in the material, since the polarization direction corresponds toŝ in the present theory. In bulk Cu, Ag, and Au, the cubic symmetry and the absence of hot spots makes the anisotropy of b In Fig. 2 (top and middle) , the distribution of spin-
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Cu ( . This value is considerably higher than the value of 0.03 that we find for bulk Au or of 0.035 that we find for Au(111) 10-layer films; the latter show no hot-spots but have Rashba-type surface states 20, 21 with an enhanced spinmixing parameter. 15 On the contrary, in the (001) thin films, there are no surface states at the Fermi level, yet the value of b 2 is higher. This goes to show the importance of the spin-flip hot spots in this case. To estimate the contribution of spin-flip hot spots to the total spinmixing parameter, we perform the integration in Eq. (2) only for the k-points belonging to a small region around the hot spots. The results show that 49% of spin-mixing parameter in Au(001) comes from the hot spots.
In the case thatŝ is along the [100] direction ( 
) a value of 52%. This value is gigantic compared to the negligible anisotropy in the bulk of noble metals, and is comparable in magnitude to the anisotropy in e.g. W(001) films 19 where it arises from surface states or to the anisotropy in the bulk of hcp Os (59%) 11 where it arises from larger spin-flip hot areas.
For Cu and Ag (001) thin films, the spin-flip hot spots are also present at a similar position near the surface Brillouin zone edge as in Au (the Fermi surfaces of Cu (001) and Ag(001) 10-layer films are shown in Fig. 2, bottom  panel) . The hot spots are, however, less intense due to the weaker spin-orbit coupling of Cu and Ag. The contribution of these spin-flip hot spots to the total b 2 is nearly 10%, which is again smaller than Au(001) case. The anisotropy A of the Elliott-Yafet parameter is found to be 7% and 37% of Ag(001) and Cu(001) 10-layer films, respectively. The Fermi surface averaged b 2 in Cu(001) is 0.002 which is also somewhat larger than the value of 0.0016 found in Cu(111) 10-layer thin films. Our results are summarized in Table I .
Concluding the discussion on the noble metal films, we comment on the absence of hot spots in the (111) film orientation. Part of the reason is that the fcc(111) atomic planes are more close-packed than the (001) atomic planes, resulting in a somewhat larger surface Brillouin zone. Another part of the reason is that the (111) surface Brillouin zone is hexagonal, and in this sence closer in shape to the maximal circle forming the equator of the bulk Fermi surface. As a result of both, the projection of the bulk Fermi surface almost fits in the surface Brillouin zone, leaving only little room for crossing the zone boundary. If such crossings appear and lead to hot spots has to be tested in each material and thickness separately, but as we find, it is not the case here.
Finally, for completeness, we briefly discuss the spinmixing enhancement in alkali-metal thin films, although they are typically not used in spintronics devices. Even for the alkali metals the Fermi surface has a nonvanishing p and d character that is responsible for spinorbit coupling with strength ξ l = l| 1 2m 2 c 2 r dV dr |l (with |l the p (l = 1) or d (l = 2) wavefunction and V the potential). However, the nuclear potential (that causes most of the spin-orbit coupling) is well screened by the filled shells of the core electrons, contrary to the noble metals where a larger part of the screening is done by the valence electrons and by the not-fully-localized d band. Additionally, the d character of the noble-metal Fermi surfaces is more pronounced compared to the alkali metals and the spin-orbit coupling of the d states is stronger in the noble metals because of the high localization of the d bands. As a consequence, the spin-orbit strength in alkali metals is significantly lower than in the noble metals and the hot spots are much less pronounced. Still, we found that at some film thicknesses, e.g. 10 layers of Rb(001), it so happens that the Fermi surface without spin-orbit coupling is degenerate at the Brillouin zone edge meaning that the first Fourier component of the periodic potential vanishes (at least to numerical accuracy, where we cross-checked this result using the full-potential linearized augmented plane wave method 22 ). In this case spin-orbit coupling causes a splitting with full spin mixing whenŝ is perpendicular to the film, i.e. hot spots with b (where a lat is the lattice constant). As a result, the integrated parameter b 2 remains very low.
In summary, we have shown that the Fermi surface of monovalent metals in an ultrathin film geometry can show spin-flip hot spots as the Fermi rings cross the surface Brillouin zone boundary. This is in contrast to the bulk of such metals, where it is known 1,2,5 that hot spots do not occur, as the Fermi surface is included within the Brillouin zone. We have furthermore shown that the spin-flip hot spots contribute to gigantic anisotropy values of the spin-mixing parameter with respect to the relative orientation between the spin-quantization axis and the crystallographic directions. Since the presence of hot spots strongly influences the spin-relaxation time or the spin-Hall conductivity, our findings can have consequences in spintronics applications, in particular if ultrathin noble-metal films are used to transmit or probe spin currents. The calculated anisotropy can very likely lead to a variation of the spin-relaxation time or spinHall conductivity with respect to the spin-polarization direction of the spin current in experiments.
